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Abstract
A relationship between motor control and speech lateralization has long been postulated by researchers and clinicians with an interest in the functional organization of the human brain. Exactly how motor control might be related to speech representation, however, is rarely examined. This chapter examines current issues relating to the organization, development and measurement of motor control and speech representation. We further consider from neuropsychological, developmental, neurological and genetic perspectives that speech and fine motor control involve planning and sequencing processes, which are mediated by an integrated neural network localized to the left hemisphere. Specifically, we discuss studies from our laboratory using functional Transcranial Doppler ultrasonography to determine speech laterality, correlating this with hand preference and pegboard measures of motor laterality. Our findings show that handedness, as measured by a motor skill task, can be predictive of speech laterality, both in typically developing adults and children. We have also shown that individuals with developmental motor coordination impairments also show atypical speech lateralization, providing further evidence that neurological motor and speech systems are intrinsically connected. We consider these results in the context of a left lateralized speech-praxis center model, which could account for the relationship shown between sequenced-based motor and speech tasks.
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1.0 Introduction
The cortical organization of speech and language processes has been the subject of much research in cognitive neuroscience and neuropsychology, and yet is still not completely understood. Historically, speech production has been seen solely as a left hemisphere function, due to early evidence from patients with brain injury and their subsequent language impairments (Broca, 1861 as cited in Price, 2000). However, modern neuroimaging techniques have revealed a more intricate set of cortical networks underlying speech processing, which integrate associated sensory input and output modalities such as motor control, and result in a distributed and complex pattern of cerebral lateralization of function (e.g. Hickock and Poeppel, 2007). The neural relationship between speech production and motor action underlie the long established links language lateralization research has with hand preference research, which was driven initially by accounts of patients displaying co-occurring deficits in motor control and language following focal left hemisphere lesions(Goldenberg, 2013). However, evidence for a clear causal relationship between handedness and speech laterality has proven inconsistent, due to the wide variation in measurement and classification approaches used to measure both functions (Bishop, 2013; Knecht et al, 2000a). A suggestion by Flowers and Hudson (2013) is that motor and speech laterality are related where they involve a common feature of motor output, namely the co-ordination of sequences of movements or utterances to execute a plan or intention so as to achieve a goal; either limb movement or articulation of an idea (e.g. Grimme, Fuchs, Perrier and Schöner, 2011; Greenfield, 1991; Tettamanti and Weniger, 2006). This chapter sets out to investigate cerebral lateralization from this perspective, specifically exploring the hypothesis that sequencing based motor skill and speech production share common neural networks and are lateralized to the same hemisphere.

2.0 Speech lateralization
Speech production is one of the most studied aspects of functional cortical asymmetry and hemispheric lateralization. Converging evidence from decades of lesion studies and functional neuroimaging demonstrate a clear left hemispheric specialization for language processing, and in particular that cortical regions in the inferior frontal gyrus (Pars opercularis (PO) are crucial for speech production (Price, 2000; Hickok and Poepple, 2007; Costafreda et al., 2006; Stephan et al., 2003; Geschwind and Levitsky, 1968).
Research using neuroimaging techniques have attempted to localize specific aspects of language to distinct areas within the dominant hemisphere. Evidence suggests that semantic processing aspects of speech production are localized primarily to areas of the left hemisphere, including the PO and Pars triangularis (PT), regions of the inferior frontal gyrus (IFG), also known as Broca's area (Brodmann Areas 44 and 45; (Binder et al., 2000; Price, 2000). Lesions to these regions result in behavioral deficits in word generation and difficulty with naming and articulation (Binder et al., 1997). In contrast, language comprehension (the understanding of spoken words), is supported by the posterior temporal-parietal region, including Wernicke's area (Brodmann Areas (BA's) 39 and 40, and posterior 21 and 22; Hickok and Poeppel, 2007). 
Neuroimaging evidence has also extended our view of the cortical organization of speech and language by providing data indicating that the right hemisphere has an important role to play in speech production processes. Examples of this include the utilisation of contextual cues to inform speech production and the insertion of emotive inflection into speech (e.g. Gardner, Brownell, Wapner and Michelow, 1983). Although language-related activation in healthy right-handed participants is predominantly left hemispheric, almost all participants activate right hemisphere areas to some extent during functional imaging studies (Buckner et al., 1995; Pujol et al., 1999; Springer et al., 1999; Tzourio et al., 1998). Furthermore evidence suggests that the right hemisphere may even be the dominant hemisphere for speech in a minor? proportion of the population (e.g. Knecht et al 2000a; Hertz-Pannier et al 2002; Szaflaski et al 2002; Moddel et al 2009; Vingerhoets et al 2013).
Predominant neural models of speech processing suggest a differential contribution of the two hemispheres, which may be task dependent. One such account is the dual stream model (Hickok and Poeppel, 2004, 2007), which proposes that a distinction should be made between the dorsal and ventral streams of language processing and production. This model indicates that the specialization of the left hemisphere can be associated with particular aspects of language production, characterized by the dorsal processing route. The dorsal stream is said to involve the posterior and dorsal-most aspect of the temporal lobe and parietal operculum, as well as the posterior frontal lobe, to convert sensory input into motor information. Conversely the ventral stream, involving structures in the superior and middle portions of the temporal lobe, processes verbal input for comprehension. Hickok and Poeppel (2007) suggest that the dorsal stream is left-lateralized, while the ventral stream is organized bilaterally, a suggestion which has recently been supported by studies using diffusion tensor imaging (Rilling et al., 2012) and fMRI (Häberling, Steinemann and Corballis, 2016). 
The idea that speech production processes may rely on a different set of neural structures and networks than those used for language comprehension is perhaps unsurprising, given the differing sensory processing requirements of each function. Indeed, evidence from patients with focal lesions allows the dissociation of component processes of the language system, due to specific deficits being associated with damage in particular areas (Wise and Geranmayeh, 2016). For example, lesions to Broca’s area affect the ability to produce fluent and coherent speech, as well as sometimes producing difficulties in naming and word finding. This damage, however, does not affect comprehension abilities, indicating that different brain regions or networks must be involved in that process (see Price, 2000 for review).
The hypothesis that networks supporting language function may be distributed across the hemispheres has important implications for the experimental approaches used to elicit speech activation. Studies using a verbal fluency or word generation paradigm dominate the literature on speech lateralization (e.g. Knecht, et al., 1998; Knecht et al. 2000a, 2000b; Bishop, Watt, and Papadatou-Pastou, 2009; Somers, et al., 2011). This paradigm requires participants to produce corresponding words when shown a letter or category stimulus, and tends to produce a clear left hemisphere activation pattern which is highly reproducible within individuals (Knecht, et al., 1998). However, paradigms which rely more upon receptive language skills, such as matching pictures and words, semantic decision making, reading or listening to spoken words, have been shown to produce increased bilateral or right hemisphere activation (e.g. Stroobant, Buij and Vingerhoets, 2009; Haag et al., 2010; Bishop et al., 2009; Badcock, Nye and Bishop, 2012; Hodgson, Benattyallah and Hodgson, 2014). 

2.1 Sex differences in speech lateralization
One factor which is frequently raised in research on cerebral lateralization of speech, is whether differences in brain organization occur on the basis of sex. Previous research indicates that sex differences exist generally in brain structure and function (see Cosgrove et al., 2007 for review); however, the literature on the influence of sex on language laterality is inconsistent. A highly cited study using fMRI to explore hemispheric dominance during a phonological rhyme task indicated that left-sided lateralization patterns were clear in males, but not in females (Shaywitz et al., 1995), a finding that is supported by subsequent studies (e.g. Gur et al., 2000; Baxter et al., 2003).  However, a recent meta-analysis of the fMRI data from 26 studies found no overall effect of sex on direction of language lateralization (Sommer, 2010). Sommer (2010) also analysed data from dichotic listening tasks designed to determine hemispheric dominance for language based upon auditory processing. These data from 3822 participants revealed no significant sex effects, with both males and females displaying a right ear advantage, regardless of their hand preference. Furthermore, a recent study by Hudson and Hodgson (2016) indicated via functional Transcranial Doppler ultrasound fTCD, a direct measure of speech laterality, and digit ratio, a method of estimating prenatal testosterone exposure, that effects of sex difference on laterality of speech were not discernible. Inconsistent findings related to the effect of sex on language lateralization suggest that the differences in the functional organization of language processes, if any exist, are small.

2.2 Developmental patterns of speech lateralization
Researchers have focussed on understanding whether the left hemisphere is predisposed to support speech function, and if so, whether left-hemispheric dominance for language is present at birth or if it develops during childhood and early adolescence. It has been shown that left hemisphere language specialization can be observed even in very young babies who display adult-like left-lateralized activation in perisylvian areas when listening to sentences in their native language (Dehaene-Lambertz and Houston, 1998) as well as left inferior frontal lobe (e.g., Broca’s area) activation during speech processing (Dehaene-Lambertz, Dehaene and Hertz-Pannier, 2002; Imada, et al., 2006). Furthermore studies have shown that the behavioral repertoire of infants with regards to language include abilities in categorical perception of phonemes (Eimas, Siqueland, Jusczyk and Vigorito, 1971) and early involvement of Broca’s area in verbal memory (Dehaene- Lambertz et al., 2006). This evidence supports the notion that the brain is predisposed to support speech function several months before the onset of speech production or even pre-speech babbling.
School aged children and adolescents typically show a predominant left hemisphere activation for silent word generation tasks (Norrelgen et al., 2012, Szaflarski et al., 2012 and Wood et al., 2004), silent reading (Gaillard, Balsamo, Ibrahim, Sachs and Xu, 2003) and an auditory categorisation task (Balsamo, Xu and Gaillard, 2006) in areas of the frontal and temporal gyri as well as fusiform and supplementary motor area. In addition, a number of these studies have indicated a positive correlation between left hemisphere activation and task proficiency (Balsamo et al., 2006; Wood et al., 2004). Magnetoencephalography (MEG) studies with children and adolescents aged 5–19 years have also shown a predominant left lateralization to word generation tasks but, unlike in fMRI studies, one that increases in prominence with age between around 5–7 years and mid-late adolescence (Balsamo et al., 2006; Kadis et al., 2011; Wood et al., 2004).
Typically developing children have also been shown to vary in the degree of language lateralization compared to adults (Holland et al., 2001). In Holland et al.’s (2001) study, although most tested participants at all ages showed left hemisphere dominance for the language task, the degree of lateralization increased with age. This study demonstrates that fMRI can reveal developmental shifts in the pattern of brain activation associated with semantic language function. The idea that strengthening of lateralization increases with age has also been supported by a recent functional transcranial Doppler study in children aged 1-5 years (Kohler, et al., 2015). This data showed that although most children displayed the typical left hemisphere dominant pattern during speech, the variability of the response changed as a function of age, with younger children producing a more variable lateralization index.
One suggestion to explain left hemispheric dominance is that during language development functional clustering in one hemisphere allows for faster linguistic processing because transmission times between brain regions within one hemisphere are shorter than when signals have to cross the corpus callosum (Nowicka and Tacikowski, 2011). Increased connectivity in left hemispheric language regions is also reflected by the increase in white matter integrity in crucial language structures such as the arcuate fasciculus. Evidence suggests that most people demonstrate a greater proportion of white matter tracts in the left hemisphere in this region (Hickok, 2014). 
Developmental neuropsychological research into functional localisation of speech has predominantly focussed on children with acquired language impairments (e.g.
Ballantyne et al., 2008; Liégeois and Morgan, 2012). Evidence shows that children’s brains have a greater propensity towards cortical plasticity; the ability of the brain to rewire and establish new connections following injury (e.g. Duffau, 2006); and studies have shown that children with brain injuries affecting speech and language have better and faster recovery than adults with the same pathologies (Beharelle et al. 2010). Furthermore, it has been shown that children exhibit superior capacity to trans-hemispherically compensate for impaired language functions compared to older children and adults (Lohmann et al 2004; Ballantyne et al., 2008). This therefore suggests that there are fundamental differences between the way in which the developing brain and the developed brain? process and produce speech and language. 

3.0 Motor lateralization
The most obvious behavioral asymmetry displayed in humans is hand dominance; the fact that in most people one hand is preferred over the other for skilled work and fine motor control (Papadatou-Pastou, 2011).  Handedness presumably reflects an asymmetry of cortical processing and neurological organization, as opposed to morphological asymmetry of the hands themselves (Corballis, 2010). Traditionally, handedness was considered a uniquely human trait, however, recent comparative work has shown that other species in fact also display hand preferences (see Corballis, 2003 for review), although the population level bias to the right hand side is considerably marked in humans (around 90%). Multiple factors are thought to affect the determination of handedness including maternal handedness and family history of left-handedness (Annett, 1998; 1999), sex (Gilbert and Wysocki, 1992), age (Ellis et al., 1998), testosterone level (Tan, 1991), and history of early brain injury (Rasmussen and Milner, 1975). The persistence of the dominant right hand preference observed throughout history and across populations distributed in different geographical locations suggests the involvement of some evolutionary mechanisms. However, for selection of this trait to take place, hand laterality should also be heritable (Llaurens et al., 2009). 

3.1 Developmental patterns of motor lateralization
Human hand preference emerges very early in an infant’s life, where genetics and environmental influences are believed to play a key role in development (Scharoun and Bryden, 2014). Some evidence suggests hand preference in adulthood can be predicted from lateralized motor behavior observed in early gestation (for review see Scharoun and Bryden, 2014), for example through ultrasound observation of thumb sucking preference behaviors (Hepper, et al.1991), and grasp reflex strength measured in neonatal infants (Tan and Tan, 1999). Researchers have also studied infant postural preferences with a view that these behaviors in fact guide the development of handedness (e.g. Coryell and Michel, 1978; Michel, 1981). These observational studies showed significant correlations between hand preference in infancy for reaching (Marschik et al, 2008) and grasping objects (Michel et al., 2002, 2006) and hand use distributions amongst adults. Research has also indicated that hand preference can be detected from 6-months onwards (see Butterworth and Hopkins, 1993, for review of handedness in infants). Evidence from cross-sectional (Hawn and Harris, 1983; Peters, 1983; Morange and Bloch, 1996) and longitudinal studies (Coryell and Michel, 1978; Ramsay et al., 1979; Carlson and Harris, 1985; Ramsay, 1985; Michel and Harkins, 1986; McCormick and Maurer, 1988) indicates that some degree of hand preference can be observed at the point at which the infant is developing grasping skills. Although these findings indicate that hand preference can be observed very early in life, there is also evidence which suggests that handedness is a highly malleable trait (Corbetta et al, 2006). Different patterns of hand preference development have been observed in young children, including frequent shifting from right to left hand use during fine motor tasks (e.g. Corbetta et al., 2006; Michel et al., 2006). Studies measuring hand preference from early childhood to adolescence (i.e., ages 3–12) provide no general consensus regarding the age at which adult-like handedness is actually attained (Scharoun and Bryden, 2014). Some researchers (Archer et al., 1988; Longoni and Orsini, 1988; McManus et al., 1988) suggest that direction of hand preference is fixed at age three, further explaining that degree increases between the ages of three and seven. Based on this idea, an individual’s hand preference cannot be reliably assessed until at least four years of age (McManus, 2002), although some studies have noted that children three to four years of age do not reliably select a preferred hand when performing unimanual tasks, and that it is not until the age of six that a clear preference can be observed (e.g., Bryden et al., 2000a, b). The equivocal findings may be due to the different ways of quantifying hand preference and performance abilities in the research (Scharoun and Bryden, 2014).

3.2 Measurement and classification
An important factor for the effective examination of the development of hand preference is the exact definition of handedness itself. There are various elements that make up motor skill, such as grip strength, dexterity, sequencing ability and co- ordination, all of which can be revealed in different functional tasks (Bishop, 1990). However, most studies allude to handedness as a unitary phenomenon and seek to measure and classify across a simple dichotomy of right versus left. Individuals are generally classified as being left- or right-handed based on their preferred use of one hand over the other, although a handedness classification does not rule out the use of the non-dominant hand (Annett, 2002). Whilst the majority of people self-report using their right hand for most tasks, many will also use their left hand to some extent more than others (Annett, 1996; 1998; 2002). A common issue arises from the fact that handedness is actually classified differently between studies, with particular variation when it comes to classifying ambiguous or mixed handedness. These can either be treated as distinct categories or as a continuum of handedness as determined by a laterality quotient (see Marchant and McGrew, 2013, or Forrester, 2017, for review). Laterality quotients are used to provide a standardized measurement of handedness direction from responses on a handedness inventory or performance task (e.g. the Edinburgh Handedness Inventory, Oldfield, 1971) . However, their use as a way of quantifying inventory responses has been criticized for disguising the variance in hand usage across different tasks (because responses are simply converted to a numerical value); indeed, such nuances may actually be very informative when it comes to assessing and classifying an individual’s hand preference (Annett, 2002).
There is debate over how handedness should be categorized. One perspective is that handedness should be divided into two populations, those who are strongly right-handed (i.e. those who use the right hand for almost all activities) and those who are non-right-handed (who may prefer the left hand for some, or the majority, of fine motor activities) (McManus, 2002). However, Annett (2002) has suggested that handedness lies on a continuum with strong left- and right-handedness lying at the two extremes and a mixture of preferences in between. This continuous distribution of hand preference takes the form of a single normal (Gaussian) curve, which for humans is displaced in the dextral direction, the so-called ‘right-shift’ (Annett, 1972, 2002; Annett and Alexander, 1996; Annett and Kilshaw, 1983). Using this classification, the proportions of consistent left-, mixed- and right-handers are approximately 4, 30, and 66%, respectively (Annett, 1996; Annett and Turner, 1974; Annett et al., 1979).

3.2 Preference measures
Alongside classification, another crucial issue with research into handedness is how it is measured across studies. Some studies define hand preference simply on the basis of writing hand (Stellman, Wynder, DeRose, and Muscat, 1997; Perelle and Ehrman, 2005), as this skill is largely specific to one hand in the majority of people, and remains poorly executed in the non-preferred hand even after considerable training (Perelle and Ehrman, 2005). Furthermore, Perelle and Ehrman (1994) found that only 0.9% of individuals considered themselves to be ambidextrous for writing, meaning that the majority of people will be easily categorized as either right or left-handed using this approach. However, writing is a skill which has been subject to cultural and societal influence in terms of the hand individuals have been taught to use; normally the right hand. This could result in people over a certain age (as this practice was common up until the mid-20th century) and from different cultures showing a right hand bias that does not necessarily reflect the actual manual skill or dexterity of their hands.
Other approaches to hand preference measurement include the use of self-report questionnaires or inventories that examine hand preference for everyday tasks, such as throwing, striking a match, using scissors (e.g. Annett, 1970; Oldfield, 1971). One of the most well-established of these is the Edinburgh Handedness Inventory (EHI: Oldfield, 1971) which allows for the classification of handedness as both a continuous or categorical variable based on the strength to which the individual uses one hand more than the other. Other self-report tools have been developed such as Annett’s hand preference questionnaire (Dragovic and Hammond, 2007), or the Waterloo Handedness questionnaire (Steenhuis and Bryden, 1989). Inventories are the most commonly used indicators of hand preference, however, results are highly malleable and open to variations in interpretation of hand dominance. There is no consensus in the field about how to classify inventory responses, and specifically on how many separate classifications or groups to use, which leads to an unsatisfactory situation where arbitrary cut-offs are used to distinguish groupings (McManus, Van Horn and Bryden, 2016). Preference measures have also been criticized over reliability (McMeekan and Lishman, 1975) and validity (Williams, 1991), with the suggestion that respondents may either avoid extreme responses to the inventory items, or, select solely extreme responses, thus confounding the measurements (Beaton and Moseley, 1984).

3.3 Performance measures
It is possible to assess handedness on the basis of proficiency (so called ‘performance measures’) using tasks designed to assess hand skill, such as Annett’s Peg-Placing task (Annett, 1972), the Purdue Pegboard task (Tiffin and Asher, 1948, as cited in Annett, 2002), Tapley-Bryden’s dot-filling task (Tapley and Bryden, 1985), and the Wathand Box (Bryden et al., 2000a). Such techniques are based on the premise that manual action and dexterity is best understood in the context of a task, which requires the use of such skills. Performance measures are able to detect subtle differences in the performance of each hand, and place handedness on a continuum based on relative skill. Such measures of hand skill are preferred as the J-shaped distribution which results from handedness questionnaires is unlikely to reflect the underlying continuous distribution of handedness scores (Tapley and Bryden, 1985).
Steenhuis and Bryden (1989) characterized manual activities as either those that were “skilled” (e.g. writing, throwing darts) or those that were “unskilled” (e.g. picking up large objects, petting a cat or dog). They reported differences in handedness distribution between skilled and unskilled activities, with weaker hand preference scores associated with less skilled behaviors. In a later study by the same authors (Steenhuis and Bryden, 1999) it was demonstrated that stronger hand performances are dependent on the difficulty level of the task being measured. Participants completed a battery of tasks including self-report hand preference measures and skill-based tasks, which varied in complexity. Results showed that although self-reported hand preference scores correlated well with performance scores (in other words, people can accurately report which hand is their dominant hand), the extent to which the non-preferred hand was used varied between participants. Left-handers used their non-preferred hand more frequently than did right-handers, and their relative skill differences were smaller. Similarly the non-preferred hand of right-handers (i.e. the left hand) was only rarely used in skilled, complex tasks (Bryden, 2015). This pattern of results is supported by recent findings that increasing the task difficulty in a performance measure, such as using a grooved pegboard where pegs only fit the holes when placed in a specific orientation, increases the performance advantages of the preferred hand (Bryden and Roy, 1999; Bryden, Roy, Rohr and Eglio, 2007).
Bishop, Ross, Daniels and Bright (1996) tested the agreement between measures of hand preference and hand performance in a sample of right-handed participants. Three handedness groups were identified using the EHI (which relies on a proportional measure of left and right unimanual hand actions (laterality index or quotient? R-L/R+L): strong right-handers, predominant right-handers and weak right-handers. Results showed that the groups did not differ on three measures of hand skill of the two hands: peg-moving, finger tapping and dotting. However, there was a difference between the groups on an experimental measure of preference rather than performance. Participants performed a novel reaching task which significantly distinguished the predominant right-handers from the other groups, due to their variation in choosing the left hand when reaching on the ipsilateral side of space. This finding provides support for the idea that hand preference measurements need to be based on empirical data as opposed to self report. Taken together these results indicate that classifying handedness on a simple dichotomy of right versus left does not provide a comprehensive view of behavior across task and skill conditions.

4.0 Associations between speech and motor laterality
Research on the association between handedness and language lateralization spans at least the last four decades and is thought to comprise over 10,000 studies (Sommer, 2010). Evidence consistently shows that there are different patterns of functional language lateralization between right and left-handers (e.g. Annett and Alexander, 1996; Cabeza and Nyberg, 2000; Cabeza et al., 2004; Corballis, 2003; Deppe et al., 2000; Flöel et al., 2005; Knecht et al., 2001; Pujol et al., 1999). Estimations of variance in hemispheric language dominance across handedness groups suggest that approximately 95% of right-handed individuals display left hemisphere dominance, whereas this is only true for approximately 76% of left-handed people (Knecht et al., 2000a; 2000b; Floel et al., 2005; Pujol et al., 1999). This is a robust pattern which has been demonstrated using different methodologies, including: the Wada test (Wada et al., 1975; Rasmussen and Milner, 1975; Zatorre, 1989); fMRI (Deppe et al., 2000; Pujol et al., 1999; Szaflarski et al., 2002); and fTCD (Deppe et al., 2000; Flöel et al., 2005; Knecht et al., 2000a, 2001). Evidence from studies involving large participant samples also suggest the existence of a continuum of language lateralization patterns ranging from strongly left dominant to strongly right dominant (Frost et al., 1999; Knecht et al., 2000a; Pujol et al., 1999; Springer et al., 1999; Tzourio et al., 1998).
A series of seminal papers from Knecht et al., (2000a; 2000b), using functional Transcranial Doppler (fTCD) ultrasonography, drew interesting observations on the natural distribution of language dominance across the hemispheres in healthy right- and left-handed participants. Their studies indicated that atypical right-hemispheric language dominance increased linearly with the degree of left-handedness from 4% in strong right- handers to 15% in ambidextrous individuals and to 27% in strong left-handers. While these results clearly show a relation between handedness and language dominance, they also illustrated that 73% of strong left-handers showed typical left-hemispheric language dominance, just as most right-handers do. This work was critical in demonstrating that functional localisation of language processes is not automatically assigned to the left hemisphere, as some people display right hemisphere dominant speech networks. This work also suggested that hand dominance and speech lateralization can be seen as independent biases, where lateralization profiles may not be solely reliant on one another.
To investigate this idea further several studies have compared handedness measures and language lateralization profiles. Badzakova-Trajkov et al. (2010) used fMRI to measure brain activation during word generation in a sample of 155 adults and correlated it with the handedness LQ (laterality quotient) obtained from a 12-item questionnaire. The correlation coefficient for the correlation between the laterality index for frontal activation asymmetries during word generation and the handedness LQ was r = 0.357, p < 0.001 level, indicating that individuals with stronger right-handedness were also more likely to show a strong leftward bias for speech activation. However, the coefficient of determination r2 for this correlation coefficient is 0.127, indicating that roughly 13% of the variance in language lateralization could be explained by their LQ score (Ocklenburg, Beste, Arning, Peterburs and Güntürkün, 2014). More recently Somers et al (2015) also examined whether hand preference was related to direction of hemispheric language dominance as measured by the EHI and fTCD. They concluded that degree of hand-preference does not predict the degree of language lateralization, but their data showed that increasing strength of left-handedness was associated with increased variation in directionality of cerebral dominance. These studies appear to undermine the functional relationship between speech and handedness, however, it is important to note that in each case, handedness measurements were done via self-report questionnaire. As discussed above, these methods are potentially less likely to detect the underlying component processes of motor sequencing and skill that may relate to speech processing.
A similar study by Groen et al (2013) compared three different handedness tasks with a direct measure of speech lateralization in children aged 6-16 years. Two of the tasks were skill-based; a pegboard task and a reaching task (see Bishop et al., 1996) and the third was a shortened version of the EHI. Correlational analysis showed that the reaching task and the shortened handedness inventory were significantly associated with the speech lateralization indices, but not the peg moving task. This is initially surprising given the neurophysiological and neuropsychological evidence indicating a link between skilled manual tasks and language. However, closer inspection of the results revealed that the correlations with speech scores only existed at the level of hand preference groupings, and that when the scores in each task were converted into laterality quotients the significant relationships with speech indices disappeared. Performance on the pegboard is measuring hand skill, rather than preference, and so is not equally comparable to the other measures used. In addition, the authors themselves point out that none of the measures were able to explain the variance in speech lateralization by more than 16%, leading to their conclusion that motor performance and language networks are relatively independent of one another. It would appear that weak connections between hand preference and speech lateralization exist when measured as factors in a preference continuum, however, what is not yet clear is how direct measures of relative hand skill (regardless of an individual's hand preference) relate to direct measures of speech lateralization. McManus et al. (2016) argue that measurements of performance, rather than preference, should be relied upon as indicators of cerebral lateralization, because such tasks tap into the mechanisms thought to be common to both functions.

4.1 Neuropsychological evidence
Even though in the healthy brain the associations between speech and handedness are variable and task dependent, there are clear links between the two functions in the neuropsychological literature. After focal left sided brain injury aphasia and apraxia often co-occur (e.g. Vingerhoets et al. 2013), suggesting that the region affected by the lesion must be sub-serving both functions. Patients with apraxia experience difficulties in manual action including gestural ability and tool use, both real and pantomimed, as well as with communicative gestures. Evidence suggests that the incidence and severity of apraxia is reduced in left-handed patients, for example Kimura (1983b) found that the frequency of apraxia in left-handed patients was 9% compared to an incidence of 30% in right-handed patients with left hemisphere damage. Furthermore, a study of defective hand gestures and imitations in apraxic patients showed that left-handers were defective in approximately 35% of cases, compared to 66% in right-handed patients (Goldenberg, 2013). This data suggests that patients whose hemispheric dominance is more bilaterally dispersed experience milder impairments. However, there is criticism of these figures as they fail to adjust for the incidence of impairments in right-handed patients with right-sided damage (Goldenberg, 2013).
A means of addressing the variability in evidence for the association between handedness and hemispheric language dominance is to examine the predictive power of handedness measures to detect speech representation. Flowers and Hudson (2013) used this approach in the assessment of motor and language laterality in a group of epilepsy patients undergoing the Wada procedure for establishing hemispheric speech dominance prior to surgery. In this study, patients were given a pegboard task and a handedness inventory based upon an amalgamation of several questionnaires (Annett, 1970; Oldfield, 1969), and these handedness results were compared with the eventual classification of speech dominance derived from the Wada results. The data showed that patients whose between-hand difference on the pegboard task was small or inconsistent were likely to have atypical speech representation. Those with a consistently large between-hand difference (mean ≤ 2.2secs) on the motor task all showed clear unilateral speech representation in the hemisphere controlling the better hand. This is important evidence for arguments supporting an association between cerebral laterality and handedness, and crucially it is derived from a skill-based performance measurement of handedness, rather than a classification according to preference. Indeed, categorizing individuals as either left or right-handed, or indeed ambilateral, on the basis of self-report questionnaire responses failed to effectively discriminate between the lateralized and anomalous groups. 
Flowers and Hudson (2013) contend that handedness and speech involve a common feature of motor output sequencing and timing (Ojemann, 1984) and that pegboard performance constitutes a valid measure of this mechanism. However, in addition to motor sequencing, the pegboard also involves an array of component processes, which are fundamental for the successful execution of the task. These include: precision grasp and release, arm movement, finger dexterity and psychomotor speed. Our laboratory recently deconstructed these factors into separate tasks and then correlated left and right hand performance with fTCD speech lateralization indices to examine the relationship between speech representation and hand proficiency on a wider range of motor tasks (pegboard, coin rotation, finger tapping, circle marking, peg sorting and grip strength; Hodgson, 2016). Results showed that there was good correlation across a number of measures, indicating that preferred and non-preferred hand performance remained constant across all tasks. Notably, correlations of handedness tasks and speech scores indicated that only two of the handedness tasks significantly correlated with speech  laterality indices; namely, the pegboard and the coin rotation task, both of which involve a high degree of motor sequencing.
In a second experiment we deployed a novel imaging paradigm using fTCD to derive lateralization indices of motor action during three of these tasks (pegboard, coin rotation, finger tapping). We found that the right hand activated the contralateral (left) hemisphere for each of the tasks, whereas the left hand activated the ipsilateral (left) hemisphere during the pegboard task and produced bilateral activation during the coin rotation task. This was compared to a control condition task of finger tapping, with a single digit (index finger), during which both hands activated the contralateral hemisphere. Collectively, these results provide compelling evidence in support of the hypothesis that motor sequencing tasks are most similar to speech production and that they are represented more strongly in the left hemisphere during activity of either hand. This is in contrast to tasks not reliant on sequencing, such as the control task, which elicited equal strength contralateral activation, and did not show a hemispheric preference. The findings are in line with existing evidence on fine motor control of the left and right hands that demonstrate predominant left hemisphere activation during such tasks (Verstynen et al, 2005; Serrien et al, 2006) and extend previous work by indicating an integration of motor control with speech production pathways (Gentilucci, 2003) supporting the assumption that they rely on the same left hemisphere networks.

4.2 Developmental evidence
Task proficiency has been associated with increased laterality (Groen et al., 2012; Sheehan and Mills, 2008), indicating that very young children, who are not yet proficient in speech or motor control, may demonstrate varied patterns of hemispheric lateralization for these functions. Although the direction of language and motor laterality may be biologically determined, complex interactions of environmental and genetic factors modulate the degree of cerebral lateralization during development (e.g. Bishop, 2013). It is important therefore to consider the extent to which an individual’s laterality profile modifies through development. If lateralization shifts with age and task proficiency then the underpinning neural architecture may also alter in this period and potentially be susceptible to factors influencing this developmental trajectory.
Because of methodological difficulties in measuring language performance in pre-verbal children a limited number of studies have examined speech lateralization in children below age six. Methodological approaches which are appropriate for adults are not generally suitable for examining speech production in very young children, either due to literacy or task difficulty. However, notable exceptions have demonstrated predominantly left hemisphere lateralized speech in typically developing four-year-old children (Bishop et al, 2014). In another study, no main effect of age in overall laterality profiles was reported in preschool children aged between one and five years, although the measure of lateralization was found to be less variable as a function of age (Kohler, et al., 2015). 
More recently, Hodgson, Hirst and Hudson (2016) conducted an fTCD cross-sectional study to explore the relationship between motor skill and the development of speech lateralization in 148 children aged 3-10 years. Results demonstrated that mean speech lateralization scores showed a significant leftward bias across all ages tested, providing compelling evidence that speech lateralization is strongly represented in the left hemisphere at least by 3 years of age, in line with previous research (Bishop et al, 2014; Kohler et al, 2015). These data also revealed that hand preference was similarly well established by age 3, with all the children in this study showing a clear hand dominance effect on both a five-item preference questionnaire and an electronic pegboard task. This concords with previous studies which demonstrate a link between strength of hand dominance and language ability in children (Roderiguez et al, 2010; Leask and Crow, 2001). However, notably, in the data presented by Hodgson et al. (2016) there was an age effect in pegboard times, whereby younger children showed a greater performance difference between their hands compared with older children (see also Roy et al, 2003). Interestingly these results also showed that, in contrast to the adult data reported by Flowers and Hudson (2013), children with a typical language lateralization showed larger between hand differences in performance on the pegboard. These greater increases in performance differences between the hands were largely due to reduced proficiency in skill of the non-preferred hand, which improved to near adult like levels after around seven years of age.

4.3 Neurodevelopmental evidence
Evidence from neurodevelopmental disorders indicates the profile of cerebral lateralization changes when development does not follow a typical pattern. Stuttering is a motor speech disorder, which has also been associated with bilateral language lateralization (Nil et al., 2000) and reduced planum temporale asymmetry (Foundas et al., 2001). The distribution of hand preference in individuals with neurodevelopmental disorders has been found to deviate from the general population (Geshwind and Behan, 1982). Left-handedness has been more highly associated with language and motor disorders including dyslexia (Galaburda, et al., 1985) and autism (Cornish and McManus, 1996) and developmental coordination disorder (DCD; Goez and Zelnik, 2008). Moreover, atypical lateralization for language has been shown in disorders such as dyslexia (Illingworth and Bishop, 2009) and specific language impairment (SLI; Whitehouse and Bishop, 2008) where higher proportions of these groups display reduced left hemisphere bias during speech than typically developing controls. It is thus suggested that atypical hemispheric speech activation could be representative of an immature, or impaired, neural speech network. Although atypical cerebral lateralization is not indicative of reduced language ability, and left-handedness is not a prerequisite for neurodevelopment disorders (Bishop, 2013), Flowers and Hudson (2013) posit that individuals with dyspraxia or DCD who demonstrate reduced asymmetry in motor laterality are likely to have an increased chance of atypical speech representation. Hodgson and Hudson (2016) deployed fTCD to directly test this hypothesis in twelve adults with DCD but no other developmental or cognitive impairments (nonverbal reasoning, phonological processing, speech production). Consistent with the view of Flowers and Hudson (2013), we found participants with DCD demonstrated a reduced leftward asymmetry during speech production and were also disproportionally slower than controls with their non-preferred hand on an electronic pegboard task.  Collectively, the results suggest that DCD patients have impairments in motor sequencing, which not only impacts upon motor coordination per se but also modulates the organization of neural networks controlling speech production. One explanation for the link between the hemispheric control of speech and motor control is that both functions implicate sequencing components that are subserved by a common system localized to the dominant hemisphere. Indeed, Haaland, Elsinger, Mayer, Durgerian and Rao (2004) demonstrated that complex sequencing operations performed with either hand are lateralized to left pre-motor and parietal areas regardless of handedness. DCD would therefore appear to be associated with both atypical localization of this network and a reduction in the integrity of the ipsilateral pathway that is modulated by the network and necessary for the execution of complex motor action. 

4.4 Neurophysiological evidence
There is converging evidence from neuropsychology and neurophysiology that cortical networks, which support language function, are related to those that support motor control. This includes the following strands of evidence: 1. Common brain mechanisms are activated by both language and motor function (Vingerhoets et al., 2013); 2. Motor action (especially fine motor skills and hand usage in complex tasks) is located in areas known to be involved in language (Verstynen et al, 2004); 3. Speech production also activates areas known to be typically involved in motor tasks (e.g. cerebellum, pre-motor area, motor cortex, see Price, 2000 for review); 4. Patterns of breakdown and recovery of language functions are closely linked (for review see Iversen and Thelen, 1999;).
The specialized role of the left hemisphere for controlling performance of skilled complex tasks, such as those underlying praxis and speech, has been suggested through the early work of Steenhuis and Bryden (1989). This theory is supported by evidence that larger performance differences were found favouring the preferred hand (usually the right) for complex, highly skilled manual tasks compared to simple tasks (e.g. Flowers, 1975; Bryden, Mayer and Roy, 2011). Evidence suggests sequencing and motor timing are common mechanisms that are supported by a network distributed in key regions of the left hemisphere. Broca’s area has been observed to be associated with various non-language motor functions such as planning, recognition and imitation of actions and tool use (Nishitani and Hari, 2000; Binkofski and Buccino, 2004; Higuchi, et al, 2009) as well as with syntactic operations required for the hierarchical representation of sequential behavior (Ocklenburg, et al, 2014). The contribution of each hemisphere to motor control is also modulated by movement complexity. Whereas a simple movement such as unimanual finger tapping is organized by a local neural circuit, more complex actions such as those involving a sequence of finger movements engage distributed (often bilateral) networks (Haaland, et al, 2004). Indeed, patients with left hemisphere parietal lesions are likely to show impairments in producing skilled actions with either hand, whereas comparable right hemisphere lesions produce deficits that are largely restricted to the contralateral hand (Wyke, 1971).
A significant factor linking speech and motor control neurologically is the association in overlapping cortical regions that are activated during tasks thought to be functionally independent. Neuroimaging studies of speech production have shown that during speech, activation is evident in motor control regions as well as in classic speech production areas (Hickok and Poeppel, 2007). The premotor cortex is known to become active not only during motor tasks but also during action observation and listening to common action-related sounds (Gallese et al., 1996; Kohler et al., 2002). Spoken and written words can also activate the motor system (Sahin et al, 2009) and this activation can even be specific to semantic word types (Pulvermuller, Hummel, and Härle, 2001; Hauk and Pulvermuller, 2004; Shtyrov, Hauk and Pulvermuller, 2004). Words related to actions involving different body parts, such as pick and kick, activate motor and premotor cortex in a somatotopic fashion so that, for example, the reading of leg-related words ‘makes the motor humunculus move its feet’ (de Lafuente and Romo, 2004). This demonstrates category specific links between the core language areas and motor representations in the processing of action words. 
Furthermore, there is evidence that manual action with the hands, in the form of communicative gestures, may be beneficial in aphasia recovery (Rose et al., 2013), again indicating a crucial link between these two systems. One dominant hypothesis emphasizes functional connections between the cortical hand motor area and language circuit (Hauk, Johnsrude and Pulvermüller, 2004; Pulvermüller, Hauk, Nikulin, and Ilmoniemi, 2005) may have been essential for the evolution of language from manual gestures rather than vocal calls (Corballis, 2003), which is supported by the robust use of gestures that typically accompany speech (Iverson and Goldin-Meadow, 1998). People gesture as they speak, and these actions tend to be more frequent with the dominant hand (Kimura, 1973). Evidence from sign language users shows that although both hands are involved in the signing action, one hand tends to be dominant (Corballis, 2003). In addition, evidence for the role of gestures in early language acquisition demonstrates that there is a close link between motor and speech developmental trajectories, with gestural ability at 18 months being shown to predict language ability at four years (e.g. Alcock and Krawczyk, 2010). There is some consensus that language may have evolved from manual gestures rather than from indistinct vocalisations (e.g. Arbib, 2005; Corballis, 2003; Pollock and de Waal, 2007; Tomasello, 2008). Supporting evidence for the idea that gesture forms the neural basis of language comes from the observation of the firing patterns of a group of cells in the brain known as ‘mirror neurons’ (Rizzolatti and Craighero, 2004). These cells, identified in macaque monkeys, were shown to activate when the monkey performed a manual action, but also crucially when the monkey observed a manual action being performed. This finding led to the conclusions that motor simulation provides the basis for understanding the actions of others, a necessary component of gestural communication (Rogalsky, et al, 2013). What was important about the discovery of mirror neurons, however, was that these cells seemed to cluster specifically in area F5 of the macaque brain, an area which is deemed to be the homologue of Broca’s region in the human brain (Hickok, 2014).  Neuropsychological evidence suggests a causal link between damage to the mirror neuron system and subsequent impairments in speech and motor control, such as those seen in aphasia and apraxia. Evidence shows that gesture recognition is impaired in apraxic patients and that damage to Broca’s Area is correlated with poor gesture recognition (Pazzaglia et al., 2008). However, the validity of the mirror neuron theory has been questioned (e.g. Hickok, 2014) by evidence showing that damage to motor speech mechanisms in aphasia does not impair speech recognition (Hickok et al, 2011) and that sign language comprehension is not impaired in deaf individuals despite damage to the mirror system (Rogalsky et al, 2013).

4.5 Neurobiological evidence
It has been suggested the crucial component underlying the relationship between language lateralization and handedness is the extent to which each of these functions relies on sequential processing, for example through motor phrases or speech utterances (Kimura, 1993). Speech production is a highly complex motor act involving the coordination and synchronisation of multiple neural and muscular networks. During speech a number of component processes occur to support the retrieval of the phonological code, which underlies the lexical representation of word forms (Tremblay, Deschamps and Gracco, 2016). This code consists of segmental information, such as syllables and phonemes, and suprasegmental information, such as emphasis, or stress.
This process of retrieval of phonologically encoded material is associated with the preparation of speech motor action, which involves the activation and translation of phonological representations into multiple domain-general mechanisms, such as response selection, response sequencing and movement initiation. These so-called ‘supra-motor’ functions are not specific to speech but underlie all action preparation (Pulvermuller and Fadiga, 2010). Such models of speech motor planning posit that speech builds on common action control and motor sequencing mechanisms which support many different cognitive processes (Freund, Jeannerod, Hallett and Leiguarda, 2005; Tremblay, Deschamps and Gracco, 2016) and therefore suggest that the neural organization of speech production is likely to overlap with motor control regions.
Studies have examined each component process of the speech motor control system and have made considerable progress identifying the associated neural substrates. Response selection processes involve a bilateral network of supporting motor areas, predominately the pre-SMA, which have been shown to activate more strongly during execution of specific stimulus responses tasks requiring selection of appropriate responses from a range of alternatives (Crosson et al, 2001). Speech motor response sequencing, the act of organising segmental information into words and sentences prior to vocalisation, relies more heavily on the motor areas. Indeed. interruption of these regions via Transcranial Magnetic Stimulation (TMS) has been shown to disrupt sequencing performing on a finger-tapping task and impair performance on oral-motor gestures (Tremblay and Gracco, 2009), which demonstrate the complementary cortical organization of motor and language networks (Gentilucci, 2003). Finally, the response initiation component of speech production is perhaps the least well documented, although early studies show a clear role for the cerebellum and basal ganglia in translating motor planning into action (Tremblay, Deschamps and Gracco, 2016). Indeed, deficits in cerebellar-parietal networks have been identified in children who have neurodevelopmental motor impairments such as DCD (Zwicker et al, 2011), supporting the suggestion that response initiation involves these regions.

4.6 Genetic considerations
The idea that language lateralization and handedness are related is captured by the genetic models put forward by Annett (1972; 2002) and McManus (1985; 2002), which seeks to explain the dominant pattern of left hemisphere bias and right-handedness at the population-level. Both theories suggest that genetic expression affects the hemispheric lateralization of language and motor control (Corballis, 2010).  For example, Annett's right shift (RS) theory suggests that individual differences, in cerebral organization, arise from natural variation associated with the presence or absence of a single gene with two alleles, a right shift allele RS+ and an allele without directional specification RS-. Annett (2002) suggests that in the human population, handedness follows a normal distribution that ranges from strong left-handedness to strong right-handedness. However, the mean of this distribution is located to the right, which she attributes to the influence of a gene for left cerebral advantage (Annett and Alexander, 1996). Thus, the gene does not determine right-handedness, but increases its probability by displacing a random distribution in a dextral direction (Annett, 2002).
Attempts to localize and identify candidate genes driving cerebral lateralization and handedness have had mixed results. A recent meta-analysis of handedness genome-wide association studies (McManus et al., 2013) estimated the number of genetic loci involved in determining handedness to be at least 40, but possibly up to 100, thus also providing evidence against single gene accounts of handedness. Heritability estimates for handedness are in the range of 0.23 to 0.45 (Medland, et al., 2002; Annett, 1985; McManus and Bryden, 1992; Porac and Coren, 1981; Risch and Pringle, 1985; Warren et al., 2006). A higher prevalence of left- handedness has been found in children from right-handed fathers and left-handed mothers (RxL pair) than from left-handed fathers and right-handed mothers (LxR pair) (Annett, 1975; McKeever, 2000; McManus, 1991). McManus (1991) estimated there to be a difference of 0.4% in the frequency of left-handedness in children of RxL pairs, compared with a difference of 2.9% in children of LxR pairs, with higher left-handedness rates reported in male offspring in both sets. However, these studies are confounded, once again, by the variability in classification and measurement of handedness, making it very difficult to infer causal patterns of heritability.
Research into genetic determinants of language dominance has produced several candidate genes (Bishop 2013). One of the best studied is FOXP2, which has been causally linked to individuals with severe childhood apraxia of speech. Watkins et al. (2002) showed that a mutation in FOXP2 in some members of the KE family had resulted in severe deficits in articulation and speech production. Further studies showed that these mutations were also linked to an absence of Broca’s area activation during speech, as well as to atypical hemispheric speech lateralization (Liégeois, et al, 2004). However, the role of FOXP2 as an indicator of speech lateralization is not proven, indeed it is likely that is it not the primary source of lateralization determination (Corballis, 2010) as its influence on the brain has been shown to occur bi-laterally (Vargha-Khadem, et al., 2005).
Furthermore, affected members of the KE family show no deficits in motor control and appear to have typical handedness distributions. Other genes which have been considered to play a role in language, include CNTNAP2 (Folia, et al., 2011; Kos et al., 2012), DCDC2 (Darki, et al, 2012), DYX1C1 (Darki, et al, 2012) and KIAA0319 (Darki, et al, 2012; Pinel et al., 2012), however, inconsistencies between studies cast doubt on the robustness of the results (Bishop, 2013). Although evidence suggests genetic variants are involved in the determination of hemispheric dominance to some degree, it is likely that the picture is more complex than being dependent on just one or two genes.

5.0 A model for praxis and speech
It has been hypothesized that the control of handedness/motor skill is mediated by a ‘praxis center’ in the left hemisphere, responsible for specific control of complex motor-based sequencing tasks undertaken by either hand. First described in the unpublished PhD thesis of Pamela Bryden (1998, as cited in McManus, Van Horn and Bryden, 2016), and subsequently revisited by McManus, Van Horn and Bryden (2016), this model describes the functional relationship between the left hemispheric dominance in the control of complex motor output across the hands. It posits that although the contralateral pathways for control of the hands are still activated during handedness tasks, it is in fact a specialized region in the left hemisphere, a so called ‘praxis center’, that mediates the control of this system. McManus et al. (2016) argue that the extent of left hemispheric control of motor output is determined by the complexity of the motor task. Accordingly, low-skill tasks would be performed by the motor control centers in each hemisphere, which are directly connected to the contralateral hand. However, when motor tasks involve complex movements requiring sequential timing, visuomotor control and accurate integration of visual feedback the use of a lateralized praxis center is required, which is typically in the left hemisphere.  They suggest the praxis center model can explain why non-preferred hand performance is usually worse, as it is said to rely on an ‘inherently nosier’ motor center in the right hemisphere, which is dependent on transfer of information via the corpus callosum for control of the left hand. Our research (Flowers and Hudson, 2013; Hodgson and Hudson, 2016; Hodgson et al. 2016) concurs with suggestions about a specialized praxis center in the left hemisphere and extends upon the model by integrating speech production into the network, in order to propose a specialized speech- praxis component (see Figure 1). Moreover, the model can be further extended by the proposal that this speech-praxis center in the left hemisphere becomes established via a developmental continuum of strengthening connections with increasing age (Hodgson et al. 2016; Hodgson and Hudson, 2016). We suggest that the left hemisphere ‘center’ activated by speech and motor control functions on a computational network basis of integration between ‘areas’ or ‘sets’ of neural connections involved in the processing of a number of key functions including; motor action, visuo-motor control, motor planning, phonological and auditory processing and sequential control of complex ‘higher order’ operations.
Evidence from TMS studies lends support to this notion, for example it has been shown that the optimal site to elicit motor evoked potentials (MEPs) for the ipsilateral hand are in areas slightly lateral and ventral to the site of maximal contralateral MEP (Ziemann, et al, 1999). This shift in location within the left hemisphere for control of ipsilateral relative to contralateral hand movements has also been shown using neuroimaging (e.g. Cramer, et al, 1999). Furthermore, recent evidence demonstrates that even within Broca’s area, the region classically thought of as the heart of speech production and, crucially, an area which is confined to a specific part of the left hemisphere, there are spatially and temporally separate processes which occur to support speech (Flinker et al., 2015; Sahin et al, 2009). Therefore, a revised model of speech and praxis argues that the interconnectedness of these functions will determine the efficiency with which the left hemisphere is able to support motor control of both hands as well as speech production processes.
In light of emerging evidence about the structural and functional divisions within Broca’s area (e.g. Flinker et al. 2015) it could be argued that strength or efficiency of callosal networks, responsible for transfer of information across between the hemispheres, is less important for the typical person who has left hemisphere speech and right hand dominance. For example, the speech-praxis center model comfortably explains the data from a typical participant, who probably displays left hemisphere speech, left hemisphere activation during right and left hand use on the pegboard task and for whom both hands are able to perform complex sequential tasks relatively similarly (although a hand preference still exists). In such an individual, control of the right hand is excellent due to well integrated and frequently used contralateral motor pathways (e.g. Verstynen et al., 2005), and ipsilateral control of the left hand is good due to the effective networking of all of the aforementioned processes; put simply, the speech-praxis center in the left hemisphere is better connected to relevant core functions and is integrated with pathways highly strengthened by speech processing which also makes use of them. This therefore allows for good control of complex, sequential motor action in the left hand (e.g. Van den berg et al, 2011), something not seen in the individuals who show greater performance differences between hands. For individuals who display atypical handedness or speech then the callosal pathway/inter-hemispheric transfer component of the model is more critical. The level of connectivity between the hemispheres becomes more integral to successful functioning, as intra-hemispheric networking may be poorer and so less able to operate independently. This would be an interesting area for further research.
One way to probe the concept of a lateralized speech-praxis center is via a dual-task paradigm, designed to produce a performance decrement when two modalities (e.g. speech and motor praxis) that rely on a common network are engaged simultaneously. Data from the unpublished PhD thesis of Jessica Hodgson (2016) shows that during such a dual task paradigm, involving a word generation task and a motor sequence praxis task, a decrement in performance is shown on the word generation task before affecting performance of the motor praxis task (see also Gentilucci, 2003). This suggests that in this paradigm the motor task is taking up more of the available network (i.e. demanding more integration from visual processes, sequencing, motor timing, planning) of overlapping processes in the left hemisphere, and less attention is therefore being paid to word production (e.g Serrien, 2009). This nicely supports an integrated speech-praxis center model as the system appears to function well and is able to maintain low-level activity in both domains, until it is overstretched, when the weights on connections between the component processes have to be diverted to one or other of the tasks. If one assumed a model whereby speech and praxis were relatively independently controlled in the brain, albeit in the same hemisphere perhaps, then the data from this dual task paradigm would not look like it does – there would be no specific decrement to one task over the other, there would instead be a greater variance in performance decrements between motor and speech tasks across individuals. It would also be possible to detect a temporal order to the performance decreases, as one area or set of connections would remain functional until the other competing set came online, this does not appear to be the case from the existing data (Hodgson, 2016), although it would be interesting to test such a paradigm using temporally sensitive techniques such as EEG.
One expectation of this model might be that individuals who have atypically lateralized speech, or left-handedness, may be compromised in terms of their ability in these functions. However, there is evidence in the literature that suggests this is not true of most atypically lateralized people (see Bishop, 2013; Hugdahl, 2010). In fact, this revised model can provide an explanation for the observation that atypically lateralized individuals’ are not functionally impaired. It is possible to argue that atypical speech or handedness is not indicative of compromised processing or ability, but instead such individuals are making use of differently lateralized neural networks to produce the same behavioral outcomes. It is possible therefore to envisage a continuum of atypical processing which would depend on the interconnectedness of underlying key cognitive processes (as described previously), and the relative computational strength of supporting networks. At one end of this continuum the hemispheric representation of these processes is altered, but the connectedness is still strong, and at the other end the profile of lateralization and connectivity of core components is poorer, which, in the worst cases would lead to developmental impairments in language processing or motor control, such as DCD or SLI (e.g. Hodgson and Hudson, 2016; Hsu and Bishop, 2014; Bishop et al, 2014). This would explain such idiopathic neurodevelopmental disorders where the impairments arise due to deficits in particular sets of cognitive processes, and where behavioral deficits occur in the absence of impairments to general intelligence or other sensory processes. Hodgson and Hudson (2016) presented a study involving adults with developmental coordination disorder, which showed that despite no speech or language impairments, these individuals displayed atypical hemispheric lateralization for speech. Similarly, the motor performance, whilst impaired as expected, was worse specifically with the non-preferred hand. This pattern of data fits with handedness performance profiles of young children (Hodgson et al., 2016), and so lends support to the idea that where one function is developmentally affected it will have implications for the proficient development of related functions.

6.0 Summary
This chapter has discussed the relationship between language lateralization and motor praxis, drawing on evidence from neuropsychology, developmental psychology and cognitive neuroscience. There is a wealth of data demonstrating links between the two functions, both in terms of their neurobiology but also in terms of the behavioral characteristics displayed by people across these functions. Our review of the literature indicates that common sequential processing requirements of speech production and fine motor skill are subserved by capabilities specific to the left hemisphere. In light of this converging evidence we have proposed a unifying cognitive model to explain the variances in performance data in typically developing individuals, as well as to suggest reasons for atypical performance in individuals with developmental speech and motor disorders. Far from being a relic of the 20th century, research into speech and motor lateralization faces a bright future, not least due to exciting increases in technical proficiency abounding in brain imaging methodologies. It seems highly likely that new paradigms, probing the nature of lateralized sequential processing, can be explored in greater detail, across modalities, and across developmental trajectories, as we seek to further understand the neurological complexities of these fundamental human characteristics.  

7.0 References
Alcock, K. J., & Krawczyk, K. (2010). Individual differences in language development: relationship with motor skill at 21 months. Developmental Science, 13(5), 677-691. 10.1111/j.1467-7687.2009.00924.x
Annett, J., Annett, M., Hudson, P. T. W., & Turner, A. (1979). The control of movement in the preferred and non-preferred hands. Quarterly Journal of Experimental Psychology, 31, 641-652.
Annett, M. (1970). The growth of manual preference and speed. British Journal of Psychology, 61(4), 545-558. 
Annett, M. (1972). The distribution of manual asymmetry. British Journal of Psychology, 63, 343-358.
Annett, M. (1975). Hand preference and the laterality of cerebral speech. Cortex, 11(4), 305-328. doi:http://dx.doi.org.proxy.library.lincoln.ac.uk/10.1016/S0010-9452(75)80024-4 
Annett, M. (1985). Left, right, hand and brain: The right shift theory. Hove, E. Sussex; Psychology Press
Annett, M. (1996). In defence of the right shift theory. Perceptual and Motor Skills, 82, 115-137. 
Annett, M. (1998). Handedness and cerebral dominance: The right shift theory. Journal of Neuropsychiatry and Clinical Neuroscience, 10(4), 459-469. 
Annett, M. (2002). Handedness and Brain Asymmetry; the right shift theory. Hove, E. Sussex; Psychology Press 
Annett, M. & Alexander, M. (1996). Atypical cerebral dominance: Predications and tests of the right shift theory. Neuropsychologia, 34, 1215-1227
Annett, M., & Kilshaw, D. (1983). Right- and left-hand skill II: Estimating the parameters of the distribution of L-R differences in males and females. British Journal of Psychology, 74(2), 269-283
Annett, M., & Turner, A. (1974). Laterality and the growth of intellectual abilities. The British Journal of Educational Psychology, 44(1), 37-46
Arbib, M. A. (2005). From monkey-like action recognition to human language: An evolutionary framework for neurolinguistics. Behavioral and Brain Sciences, 28(2), 105-124.
Archer L. A., Campbell D. & Segalowitz S. J. (1988). A prospective study of hand preference and language development in 18 to 30-month olds: hand preference. Dev. Neuropsychol. 4, 85–92 10.1080/87565648809540395
Badcock, N. A., Nye, A., & Bishop, D. V. (2012). Using functional transcranial doppler ultrasonography to assess language lateralisation: Influence of task and difficulty level. Laterality Asymmetries of Body, Brain and Cognition, 17(6), 694-710. doi:10.1080/1357650X.2011.615128; 10.1080/1357650X.2011.615128
Badzakova-Trajkov, G., Häberling, I. S., Roberts, R. P., & Corballis, M. C. (2010). Cerebral asymmetries: Complementary and independent processes. PLoS ONE, 5(3), e9682, http://dx.doi.org/10.1371/journal.pone.0009682
Ballantyne, A., Spilkin, A., Hesselink, J. & Trauner, D. (2008). Plasticity in the developing brain: intellectual, language and academic functions in children with ischaemic perinatal stroke. Brain, 131, 2975-2985. doi:10.1093/brain/awn176
Balsamo, L., Xu, B. & Gaillard, W., (2006). Language lateralization and the role of the fusiform gyrus in semantic processing in young children. Neuroimage, 31(3), 1306-14. doi:10.1016/j.neuroimage.2006.01.027
Baxter, L. C., Saykin, A. J., Flashman, L. A., Johnson, S. C., Guerin, S. J., Babcock, D. R., et al. (2003). Sex differences in semantic language processing: A functional MRI study. Brain and Language, 84(2), 264-272.
Beaton, A. A., & Moseley, L. G. (1984). Anxiety and the measurement of handedness. British Journal of Psychology, 75(2), 275-278.
Beharelle, A. R., Dick, A. S., Josse, G., Solodkin, A., Huttenlocher, P. R., Levine, S. C., & Small, S. L. (2010). Left hemisphere regions are critical for language in the face of early left focal brain injury. Brain, 133, 1707-1716. doi: 10.1093/brain/awq104 
Binder, J. R., Frost, J. A., Hammeke, T. A., Bellgowan, P. S. F., Springer, J. A., Kaufman, J. N., et al. (2000). Human temporal lobe activation by speech and non-speech sounds. Cerebral Cortex, 10(5), 512-528. doi: 10.1093/cercor/10.5.512
Binder, J. R., Frost, J. A., Hammeke, T. A., Cox, R. W., Rao, S. M., & Prieto, T. (1997). Human brain language areas identified by functional magnetic resonance imaging. Journal of Neuroscience, 17(1), 353-362.
Binkofski, F. & Buccino, G. (2004). Motor functions of the Broca's region. Brain and Language, 89, 362-369.
Bishop, D. (1990). Handedness and Developmental Disorder. London: MacKeith Press.
Bishop, D. (2013). Cerebral asymmetry and language development: cause, correlate, or consequence? Science, 340, 1230531. doi: 10.1126/science.1230531
Bishop, D., Holt, G, Whitehouse, A. & Groen, M. (2014). No population bias to left-hemisphere language in 4-year-olds with language impairment. PeerJ, 2:e507 https://doi.org/10.7717/peerj.507
Bishop, D., Ross. V., Daniels, M. & Bright, P. (1996). The measurement of hand preference: a validation study comparing three groups of right-handers. British Journal of Psychology, 87, 269-285. 
Bishop, D., Watt, H. & Papadatou-Pastou, M. (2009). An efficient and reliable method for measuring cerebral lateralisation during speech with functional Transcranial Doppler ultrasound. Neuropsychologia, 47, 587-590. doi:10.1016/j.neuropsychologia.2008.09.013 
Bryden, M. (1988). An overview of the dichotic listening procedure and its relation to cerebral organization. In Hugdahl, K. (Ed.) Handbook of Dichotic Listening: Theory, methods and research (pp 1-43). Chichester, England: Wiley
Bryden, P. (2015). The influence of M. P. Bryden's work on lateralization of motor skill: Is the preferred hand selected for and better at tasks requiring a high degree of skill? Laterality: Asymmetries of Body, Brain and Cognition. Doi: 10.1080/1357650X.2015.1099661
Bryden, P., Mayer, M. & Roy, E. (2011). Influences of Task Complexity, Object Location, and Object Type on Hand Selection in Reaching in Left and Right-Handed Children and Adults. Developmental Psychobiology, 53(1), 47-58.  DOI: 10.1002/dev.20486
Bryden, P. J., Pryde, K. M., & Roy, E. A. (2000a). A performance measure of the degree of hand preference. Brain and Cognition, 44, 402–414. doi:10.1006/brcg.1999.1201
Bryden, P. J., Pryde, K. M., & Roy, E. A. (2000b). A developmental analysis of the relationship between hand preference and performance: II. A performance-based method of measuring hand preference in children. Brain and Cognition, 43, 60-64.
Bryden, P. J., & Roy, E. A., (1999). Spatial task demands affect the extent of manual asymmetries. Laterality, 4(1), 27–37.
Bryden, P.J., Roy, E.A., Rohr, L.E., & Egilo, S. (2007). Task demands affect manual asymmetries in pegboard performance. Laterality, 12, 364–377. doi: 10.1080/13576500701356244
Buckner, R. L., Raichle, M. E., & Petersen, S. E. (1995). Dissociation of human prefrontal cortical areas across different speech production tasks and gender groups. Journal of Neurophysiology, 74(5), 2163-2173.
Butterworth, G., & Hopkins, B. (1993). Origins of handedness in human infants. Dev. Med. Child Neurol. 35, 177–184. doi:10.1111/j.1469-8749.1993.tb11620.x 
Cabeza, R., Daselaar, S. M., Dolcos, F., Prince, S. E., Budde, M., & Nyberg, L. (2004). Task-independent and task-specific age effects on brain activity during working memory, visual attention and episodic retrieval. Cerebral Cortex, 14(4), 364-375. 
Cabeza, R., & Nyberg, L. (2000). Imaging cognition II: An empirical review of 275 PET and fMRI studies. Journal of Cognitive Neuroscience, 12(1), 1-47.
Carlson, D. F., & Harris, L. J. (1985). Development of the infant’s hand preference for visually direct reaching. Infant Ment. Health J., 6, 158–174. doi: 10.1002/1097- 0355(198523)6:3<158::AID-IMHJ2280060307>3.0.CO;2-X
Corballis, M.C. (2010). Handedness and Cerebral Asymmetry. In Hugdahl, K. & Westerhausen, R. (Eds.), The Two Halves of the Brain; Information Processing in the Cerebral Hemispheres, pp 65-88. Cambridge MA: MIT Press
Corballis, M. C. (2003). From mouth to hand: Gesture, speech, and the evolution of right-handedness. Behavioral and Brain Sciences, 26(2), 199-208. 
Corbetta, D., Williams, J., & Snapp-Childs, W. (2006). Plasticity in the development of handedness: evidence from normal development and early asymmetric brain injury. Dev. Psychobiol. 48, 460–471. doi:10.1002/dev.20164
Cornish, K. & McManus, C. (1996). Hand preference and hand skill in children with Autism. Journal of Autism and Developmental Disorders, 26, 597-609.
Coryell, J. F., & Michel, G. F. (1978). How supine postural preferences of infants can contribute toward the development of handedness. Infant Behav. Dev. 1, 245–257.  doi:10.1016/S0163-6383(78)80036-8
Cosgrove, K. P., Mazure, C. M., & Staley, J. K. (2007). Evolving knowledge of sex differences in brain structure, function, and chemistry. Biological psychiatry, 62(8), 847-855.
Costafreda, S., G., Fu, C. H. Y., Lee, L., Everitt, B., Brammer, M., J, & David, A., S. (2006). A systematic review and quantitative appraisal of fMRI studies of verbal fluency: Role of the left inferior frontal gyrus. Human Brain Mapping, 27(10), 799-810
Cramer, S. C., Finklestein, S., Schaechter, J., Bush, G., & Rosen, B., (1999). Activation of distinct motor cortex regions during ipsilateral and contralateral finger movements. J. Neurophysiol. 81, 383–387
Crosson, B., Sadek, J. R., Maron, L., Gökçay, D., Mohr, C. M., Auerbach, E. J…et al., (2001). Relative shift in activity from medial to lateral frontal cortex during internally versus externally guided word generation. Journal of Cognitive Neuroscience, 3(2), 272-83
Darki, F., Peyrard-Janvid, M., Matsson, H., Kere, J., & Klingberg, T. (2012). Three dyslexia susceptibility genes, DYX1C1, DCDC2, and KIAA0319, affect temporo-parietal white matter structure. Biol. Psychiatry 72, 671. doi: 10.1016/j.biopsych.2012.05.008
Dehaene-Lambertz, G., Dehaene, S. and Hertz-Pannier, L. (2002). Functional neuroimaging of speech perception in infants. Science, 298, 2013-5
Dehaene-Lambertz, G., Hertz-Pannier, L., Dubois, J., Mériaux, S., Roche, A., Sigman, M., & Dehaene, S. (2006). Functional organization of perisylvian activation during presentation of sentences in preverbal infants. Proceedings of the National Academy of Sciences, 103(38), 14240-14245. doi: 10.1073/pnas.0606302103
Dehaene-Lambertz, G., & Houston, D., (1998). Faster Orientation Latencies toward Native Language in Two-Month-Old Infants. Language and Speech, 41, 21-43. doi:10.1177/002383099804100102
de Lafuente, V. & Romo, R., (2004). Language abilities of motor cortex. Neuron 41, 178-180.
Deppe, M., Knecht, S., Papke, K., Lohmann, H., Fleischer, H., Heindel, W., . . . Henningsen, H. (2000). Assessment of hemispheric language Lateralisation; a comparison between fMRI and fTCD. Journal of Cerebral Blood Flow & Metabolism, 20(2), 263-268. 
Dragovic, M., & Hammond, G. (2007). A classification of handedness using the Annett Hand Preference Questionnaire. British Journal of Psychology, 98(3), 375-387.
Duffau, H. (2006). Brain plasticity: From pathophysiological mechanisms to therapeutic applications. Journal of Clinical Neuroscience, 13(9), 885–897. doi:10.1016/j.jocn.2005.11.045
Eimas, P., Siqueland, E., Jusczyk, P., & Vigorito, J., (1971). Speech perception in infants. Science, 171, 303-306
Ellis, S. J., Ellis, P. J., Marshall, E., Windridge, C., & Jones, S. (1998). Is forced dextrality an explanation for the fall in the prevalence of sinistrality with age? A study in northern England. Journal of Epidemiology and Community Health, 52(1), 41-44.
Flinker, A., Korzeniewska, A., Shestyuk, A., Franaszczuk, P., Dronkers, N., Knight, R., & Crone, N., (2015). Redefining the role of Broca’s area in speech. PNAS, 112(9), 2871–2875. doi/10.1073/pnas.1414491112
Flöel, A., Buyx, A., Breitenstein, C., Lohmann, H., & Knecht, S. (2005). Hemispheric lateralization of spatial attention in right- and left-hemispheric language dominance. Behavioural Brain Research, 158(2), 269-275.
Flöel, A., Knecht, S., Lohmann, H., Deppe, M., Sommer, J., Drager, B., et al. (2001). Language and spatial attention can lateralize to the same hemisphere in healthy humans. Neurology, 57(6), 1018-1024
Flowers, K. (1975). Handedness and controlled movement. British Journal of Psychology, 66(1), 39. 
Flowers, K. & Hudson, J. (2013). Motor laterality as an indicator of speech laterality. Neuropsychology, 27, 256-65. doi: 10.1037/a0031664.
Folia, V., Forkstam, C., Ingvar, M., Hagoort, P., & Petersson, K. M. (2011). Implicit artificial syntax processing: Genes, preference, and bounded recursion. Biolinguistics 5, 105
Forrester, G. (2017). Hand, Limb, and Other Motor Preferences, Lateralized Brain Functions 121-152, Neuromethods Book Series
Foundas, A. L., Bollich, A. M., Corey, D. M., Hurley, M., & Heilman, K. M. (2001). Anomalous anatomy of speech-language areas in adults with persistent developmental stuttering. Neurology, 57(2), 207-215. 
Freund, H-J., Jeannerod, M., Hallett, M., & Leiguarda, R., (2005). Higher-Order Motor Disorders: from Neuroanatomy and Neurobiology to Clinical Neurology. Oxford; Oxford University Press
Frost, J. A., Binder, J. R., Springer, J. A., Hammeke, T. A., Bellgowan, P. S. F., Rao, S. M., et al. (1999). Language processing is strongly left lateralized in both sexes: Evidence from functional MRI. Brain, 122(2), 199-208.
Gaillard, W., Balsamo, L., Ibrahim, Z., Sachs, B., & Xu, B., (2003). fMRI identifies regional specialization of neural networks for reading in young children. Neurology, 60(1), 94-100
Galaburda, A. M., Sherman, G. F., Rosen, G. D., Aboitiz, F., & Geschwind, N. (1985). Developmental dyslexia: four consecutive patients with cortical anomalies. Ann. Neurol., 18, 222-233
Gallese, V., Fadiga, L., Fogassi, L. & Rizzolatti, G. (1996). Action recognition in the premotor cortex. Brain, 119, 593-609.
Gardner, H., Brownell, H., Wapner, W. & Michelow, D., (1983). Missing the point; the role of the right hemisphere in processing complex linguistic materials. In Perecman, E. (Ed.) Cognitive Processing in the Right Hemisphere. New York; Academic Press
Gentilucci (2003). Grasp observation influences speech production, European Journal of Neuroscience, Vol. 17, pp. 179–184
Geschwind, N., & Levitsky, W. (1968). Human brain: Left-right asymmetries in temporal speech region. Science, 161(3837), 186-187
Gilbert, A. N., & Wysocki, C. J. (1992). Hand preference and age in the United States. Neuropsychologia, 30(7), 601-608.
Goez, H., & Zelnik, N., (2008). Handedness in patients with developmental coordination disorder. Journal of Child Neurology, 23(2), 151-4
Goldenberg, G. (2013). Apraxia: the cognitive side of motor control. Oxford, UK; Oxford University Press
Greenfield, P. (1991) Language, tools and brain: The ontogeny and phylogeny of hierarchically organized sequential behaviour, Behavioural and Brain Sciences, 14:531-595
Grimme, B., Fuchs, S., Perrier, P., & Schöner, G. (2011). Limb versus speech motor control: A conceptual review. Motor Control, 15(1), 5-33. 
Groen, M., Whitehouse, A., Badcock, N. & Bishop, D. (2012). Does cerebral lateralisation develop? A study using functional transcranial Doppler ultrasound assessing lateralisation for language production and visuospatial memory. Brain and Behavior, 2(3), 256–269
Groen, M., Whitehouse, A., Badcock, N. & Bishop, D. (2013). Associations between Handedness and Cerebral Lateralisation for Language: A Comparison of Three Measures in Children. PLoS ONE, 8, e64876. doi:10.1371/journal.pone.0064876
Gur, R. E., Cowell, P. E., Latshaw, A., Turetsky, B. I., Grossman, R. I., Arnold, S. E., et al. (2000). Reduced dorsal and orbital prefrontal gray matter volumes in schizophrenia. Archives of General Psychiatry, 57, 761-768.
Haag, A., Moeller, N., Knake, S., Hermsen, A., Oertel, W. H., Rosenow, F. & Hamer, H. M., (2010). Language lateralization in children using functional transcranial Doppler sonography. Dev. Med. Child. Neurol., 52(4), 331-6. doi: 10.1111/j.1469-8749.2009.03362.x.
Haaland, K., Elsinger, C., Mayer, A., Durgerian, S. & Rao, S. (2004). Motor sequence complexity and performing hand produce differential patterns of hemispheric lateralisation. J. Cogn. Neurosci., 16, 621-636.
Häberling, I., Steinemann, A. & Corballis, M (2016). Cerebral asymmetry for language: Comparing production with comprehension. Neuropsychologia, 8, 17-23. doi: 10.1016/j.neuropsychologia.2015.11.002
Hauk, O., Johnsrude, I. & Pulvermuller, F., (2004). Somatotopic representation of action words in human motor and premotor cortex. Neuron, 41, 301–307. DOI: http://dx.doi.org/10.1016/S0896-6273(03)00838-9
Hauk, O. & Pulvermuller, F., (2004). Neurophysiological distinction of action words in the fronto-central cortex. Human Brain Mapping, 21, 191-201. 
Hawn, P. R., & Harris, L. J. (1983). Hand differences in grasp duration and reaching in two and five month old infants. In Young, G., Segalowitz, S. J., Corter, C. M. & Trehub, S. (eds.), Manual Specialization and the Developing Brain, pp 331–348. New York: Academic Press.
Hepper P. G., Shahidullah S., White R. (1991). Handedness in the human fetus. Neuropsychologia 291107–1111 10.1016/0028-3932(91)90080-R
Hertz-Pannier, L., Chiron, C., Jambaque, I., Renaui-Kieffer, V., Moortele, P., Delalande, O., et al. (2002). Late plasticity for language in a child’s non-dominant hemisphere: A pre- and post-surgery fMRI study. Brain, 125, 361-372. doi: 10.1093/brain/awf020
Hickok, G. (2014). The myth of mirror neurons: The real neuroscience of communication and cognition. New York: W.W. Norton
Hickok, G., Houde, J., & Rong, F. (2011). Sensorimotor integration in speech processing: Computational basis and neural organization. Neuron, 69, 407-422
Hickok, G. & Poeppel, D., (2004). Dorsal and ventral streams: a framework for understanding aspects of the functional anatomy of language. Cognition, 92, 67–99. doi:10.1016/j.cognition.2003.10.011
Hickok, G. & Poeppel, D., (2007). The cortical organization of speech processing. Nature Reviews Neuroscience, 8, 393-402. doi:10.1038/nrn2113
Higuchi S, Chaminadeb T, Imamizua H, Kawatoa M (2009). Shared neural correlates for language and tool use in Broca’s area. NeuroReport 20:1376–1381. doi:10.1097/ WNR.0b013e3283315570
Hodgson, J. C. (2016). Cerebral lateralisation of speech production and motor skill. PhD Thesis, University of Lincoln.
Hodgson, J. C., Benattayallah, A. & Hodgson, T. L. (2014). The role of the dominant versus the non-dominant hemisphere; An fMRI study of Aphasia recovery following stroke. Aphasiology, 28, 1426-1447. DOI:10.1080/02687038.2014.933640
Hodgson, J. C. & Hudson, J. (2016). Atypical speech lateralisation in adults with Developmental Coordination Disorder demonstrated using functional Transcranial Doppler ultrasound. Journal of Neuropsychology, 11, 1-13 http://dx.doi.org/10.1111/jnp.12102
Hodgson, J. C., Hirst, R. & Hudson, J. (2016). Hemispheric speech lateralisation in the developing brain is related to motor praxis ability. Dev. Cog. Neuro., 22, 9-17. http://dx.doi.org/10.1016/j.dcn.2016.09.005
Holland, S., Plante, E., Weber Byars, A., Strawsburg, R.H., Schmithorst, V.J. and Ball, W.S. Jr. (2001). Normal fMRI Brain Activation Patterns in Children Performing a Verb Generation Task. NeuroImage, 14, 837–843. doi:10.1006/nimg.2001.0875
Hsu, H., J., & Bishop, D. V. (2014). Sequence-specific procedural learning deficits in children with specific language impairment. Developmental Science, 17, 352–365. DOI: 10.1111/desc.12125
Hudson, J. & Hodgson, J. (2016). Is digit ratio (2D:4D) a reliable pointer to speech laterality? Behavioural Brain Research, 301, 258–261. doi:10.1016/j.bbr.2015.12.042
Illingworth, S. & Bishop, D. (2009). Atypical cerebral lateralisation in adults with compensated developmental dyslexia demonstrated using functional transcranial Doppler ultrasound. Brain and Language, 11, 61-65. doi:10.1016/j.bandl.2009.05.002
Imada, T., Zhang, Y., Cheour, M., Taulu, S., Ahonen, A., & Kuhl, P. (2006). Infant speech perception activates Broca's area: a developmental magnetoencephalography study. Neuroreport, 17, 957-962. doi: 10.1097/01.wnr.0000223387.51704.89 
Iverson, J. & Goldin-Meadow, S. (1998). Why people gesture when they speak. Nature, 396, 228
Kadis, D. S., Pang, E. W., Mills, T., Taylor, M. J., McAndrews, M. P., & Smith, M. L. (2011). Characterizing the normal developmental trajectory of expressive language lateralization using magnetoencephalography. J Int Neuropsychol Soc., 17, 896–904.
Kimura, D. (1973), Manual activity during speaking: Right- handers. Neuropsychologia, 11, 45-50
Kimura, D. (1983b). Speech representation in an unbiased sample of left-handers. Hum. Neurobiol., 2, 147-154.
Kimura, D. (1993). Neuromotor mechanisms in human communication. New York: Oxford.
Knecht, S., Deppe, M., Ebner, A., Henningsen, H., Huber, T., Jokeit, H., & Ringelstein, E. (1998). Noninvasive determination of language lateralisation by functional transcranial doppler sonography A comparison with the wada test. Stroke, 29(1), 82-86. 
Knecht, S., Deppe, M., Dräger, B., Bobe, L., Lohmann, H., Ringelstein, E., & Henningsen, H. (2000a). Language lateralisation in healthy right-handers. Brain, 123, 74-81. doi: 10.1093/brain/123.1.74
Knecht, S., Dräger, B., Deppe, M., Bobe, L., Lohmann, H., Flöel, A., . . . Henningsen, H. (2000b). Handedness and hemispheric language dominance in healthy humans. Brain, 123, 2512-2518. doi: 10.1093/brain/123.12.2512
Knecht, S., Dräger, B., Flöel, A., Lohmann, H., Breitenstein, C., Deppe, M., . . . Ringelstein, E. (2001). Behavioural relevance of atypical language lateralisation in healthy subjects. Brain, 124(8), 1657-1665. 
Knecht, S., Jansen, A., Frank, A., van Randenborgh, J., Sommer, J., Kanowski, M. & Heinze, H., (2003). How atypical is atypical language dominance? Neuroimage, 18, 917–927. doi:10.1016/S1053-8119(03)00039-9
Kohler, M., Keage, H., Spooner, R., Flitton, A., Hofmann, J., Churches, O., …, Badcock, N. (2015). Variability in lateralised blood flow response to language is associated with language development in children aged 1–5 years. Brain and Language, 145-146, 34-41. doi:10.1016/j.bandl.2015.04.004.
Kohler, E., Keysers, C., Umilta, A., Fogassi, L., Gallese, V. & Rizzolatti, G., (2002). Hearing Sounds, Understanding Actions: Action Representation in Mirror Neurons. Science, 297, 846-848.
Kos, M., van den Brink, D., Snijders, T. M., Rijpkema, M., Franke, B., Fernandez, G., et al. et al., (2012). CNTNAP2 and language processing in healthy individuals as measured with ERPs. PLoS ONE 7, e46995. doi: 10.1371/journal.pone.0046995Leask SJ & Crow TJ (2001). Word acquisition reflects lateralization of hand skill. Trends Cogn Sci 5(12):513–516
Liégeois, F. J., Connelly, A., Cross, H., Boyd, S., Gadian, D., Vargha-Khadem, F., & Baldeweg, T. (2004). Language reorganization in children with early onset lesions of the left hemisphere: An fMRI study. Brain, 127, 1229-1236. doi: 10.1093/brain/awh159 
Liégeois, F. J., & Morgan, A. T. (2012). Neural bases of childhood speech disorders: Lateralization and plasticity for speech functions during development. Neuroscience & Biobehavioral Reviews, 36(1), 439-458. doi: 10.1016/j.neubiorev.2011.07.011 
Llaurens, V., Raymond, M., & Faurie, C. (2009). Why are some people left-handed? An evolutionary perspective. Philosophical Transactions of the Royal Society B: Biological Sciences, 364(1519), 881-894.
Lohmann H, Deppe M, Jansen A, Schwindt W, & Knecht S. (2004). Task repetition can affect functional magnetic resonance imaging-based measures of language lateralization and lead to pseudoincreases in bilaterality. Journal of Cerebral Blood Flow & Metabolism, 24, 179–87. doi: 10.1097/01.WCB.0000100066.36077.91
Longoni, A. M., & Orsini, L. (1988). Lateral preferences in preschool children: a research note. J. Child Psychol. Psychiatry 29, 533–539. doi:10.1111/j.1469- 7610.1988.tb00744.x
Marchant & McGrew (2013). Handedness is more than laterality: lessons from chimpanzees. Issue: The Evolution of Human Handedness, Ann. N.Y. Acad. Sci. 1288, 1–8 20
Marschik, P. B., Einspieler, C., Strohmeier, A., Plienegger, J., Garzarolli, B., & Prechtl, H. (2008). From the reaching behaviour at 5 months of age to hand preference at preschool age. Dev. Psychobiol. 50, 511–518. doi:10.1002/dev.20307 
McCormick, C. M., & Maurer, D. M. (1988). Unimanual hand preferences in 6-month olds: consistency and relation to familial handedness. Infant Behav. Dev. 11, 21–29. doi:10.1016/S0163-6383(88)80013-4
McKeever, W. F. (2000). A new family handedness sample with findings consistent with X-linked transmission. British Journal of Psychology, 91(1), 21-39.
McManus, I.C. (1985). Handedness, language dominance and aphasia: a genetic model. Psychol. Med. Monogr. Suppl. 8, 1–40. doi:10.1017/S0264180100001879
McManus, I. C. (2002). Right Hand, Left Hand: The Origins of Asymmetry in Brains, Bodies, Atoms and Cultures. London: Weidenfeld and Nicholson. 
McManus, I. C., & Bryden, M. P. (1992). The genetics of handedness, cerebral dominance and lateralization. In Rapinand, I & Segalowitz, S. (eds.), Handbook of Neuropsychology: Vol.6. Child Neuropsychology, pp 115– 142. Amsterdam: Elsevier
McManus, I.C., Davison, A. & Armour, J.A. (2013). Multilocus genetic models of handedness closely resemble single-locus models in explaining family data and are compatible with genome-wide association studies. Ann. N. Y. Acad. Sci. 1288, 48–58.
McManus I. C., Sik G., Cole D. R., Mellon A. F., Wong J., Kloss J. (1988). The development of handedness in children. Br. J. Dev. Psychol. 6 257–273 10.1111/j.2044-835X.19 88.tb01099.x
McManus I. C., Van-Horn, J. D., & Bryden, P., (2016). The Tapley and Bryden test of performance differences between the hands: The original data, newer data, and the relation to pegboard and other tasks. Laterality: Asymmetries of Body, Brain and Cognition, 1-26. DOI: 10.1080/1357650X.2016.1141916 
McMeekan, E. R., & Lishman, W. (1975). Retest reliabilities and interrelationship of the Annett hand preference questionnaire and the Edinburgh handedness inventory. British Journal of Psychology, 66(1), 53-59.
Medland, S.E., Geffen, G. & McFarland, K. (2002). Lateralization of speech production using verbal/manual dual tasks: meta-analysis of sex differences and practice effects. Neuropsychologia, 40, 1233–1239
Michel, G. F. (1981). Right-handedness: A consequence of infant supine head orientation preference? Science 212, 685–687. doi:10.1126/science.7221558
Michel, G. F., & Harkins, D. A. (1986). Postural and lateral asymmetries in the ontogeny of handedness during infancy. Dev. Psychobiol. 2, 29–38
Michel, G. F., Sheu, C., & Brymley, M. R. (2002). Evidence of a right-shift factor affecting infant hand-use preference from 7 to 11 months of age as revealed by latent class analysis. Dev. Psychobiol. 40, 1–13. doi:10.1002/dev.10008 
Michel, G. F., Tyler, A. N., Ferre, C., & Sheu, C. (2006). The manifestation of infant hand-use preferences when reaching for objects during the seven to thirteen month age period. Dev. Psychobiol. 48, 436–443. doi:10.1002/dev.20161
Möddel, G., Lineweaver, T., Schuele, S. U., Reinholz, J., & Loddenkemper, T. (2009). Atypical language lateralization in epilepsy patients. Epilepsia, 50(6), 1505-1516. doi: 10.1111/j.1528-1167.2008.02000.x 
Morange, F., & Bloch, H. (1996). Lateralization of the approach movement and the prehension movement in infants from 4 to 7 months. Early Dev. Parent. 5, 81–92. doi: 10.1002/(SICI)1099-0917(199606)5:2<81::AID-EDP119>3.0.CO;2-M
Nil, L. F. D., Kroll, R. M., Kapur, S., & Houle, S. (2000). A Positron Emission Tomography study of silent and oral single word reading in stuttering and nonstuttering adults. Journal of Speech, Language and Hearing Research, 43(4), 1038-1053.
Nishitani, N. & Hari, R., (2000). Temporal dynamics of cortical representation for action. PNAS, 97, 913–918.
Norrelgen, F., Lilja A., Ingvar M., Gisselgard J., & Fransson P. (2012). Language lateralization in children aged 10 to 11 years: a combined fMRI and dichotic listening study. PLOS One, 7(12), e51872.  doi: 10.1371/journal.pone.0051872
Nowicka, A., & Tacikowski, P. (2011). Transcallosal transfer of information and functional asymmetry of the human brain. Laterality: Asymmetries of Body, Brain and Cognition, 16(1), 35 – 74
Ocklenburg, S., Beste, C., Arning, L., Peterburs, J. & Güntürkün, O., (2014). The ontogenesis of language lateralization and its relation to handedness. Neuroscience and Biobehavioral Reviews, 43, 191–198. http://dx.doi.org/10.1016/j.neubiorev.2014.04.008
Ojemann, G. A. (1984). Common cortical and thalamic mechanisms for language and motor functions. American Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 246(6), R901-R903. 
Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia, 9(1), 97-113. 
Papadatou-Pastou, M. (2011). Handedness and language lateralization: why are we right handed and left brained? Hellenic Journal of Psychology, 8, 248-265
Pazzaglia, M., Pizzamiglio, L., Pes, E. & Aglioti, S. (2008). The Sound of Actions in Apraxia. Current Biology, 18, 1766 - 1772
Penhune, V., Zatorre, R., MacDonald, J. & Evans, A. (1996). Interhemispheric anatomical differences in human primary auditory cortex: probabilistic mapping and volume measurement from magnetic resonance scans. Cerebral Cortex, 6, 661-72, doi: 10.1093/cercor/6.5.661
Perelle, I. B., & Ehrman, L. (1994). An international study of human handedness: the data. Behaviour Genetics, 24, 217-227
Perelle, I. B., & Ehrman, L. (2005). On the other hand. Behavior Genetics, 35(3), 343–350
Peters, M. (1983). Lateral bias in reaching and holding at six and twelve months. In Young, G., Segalowitz, S. J., Corter, C. M. & Trehub, S. (eds.), Manual Specialization and the Developing Brain, pp 367–374. New York: Academic Press.
Pinel, P., Fauchereau, F., Moreno, A., Barbot, A., Lathrop, M., Zelenika, D., … & Dehaene, S., (2012). Genetic variants of FOXP2 and KIAA0319/TTRAP/THEM2 locus are associated with altered brain activation in distinct language-related regions. J. Neurosci. 32, 817. doi: 10.1523/JNEUROSCI.5996-10.2012 
Pollock, A., & de Waal, F., (2007). Ape gestures and language evolution. Proceedings of the National Academy of Sciences 104, 8184–8189
Porac, C., & Coren, S. (1981). Lateral Preferences and Human Behaviour New York: Springer
Price, C. J. (2000). The anatomy of language: contributions from functional neuroimaging. Journal of Anatomy, 197(3), 335-359. doi: 10.1046/j.1469-7580.2000.19730335.x
Pujol, J., Deus, J., Losilla, J. M., & Capdevila, A. (1999). Cerebral lateralization of language in normal left-handed people studied by functional MRI. Neurology, 52(5), 1038-1043
Pulvermüller F, & Fadiga L (2010) Active per- ception: sensorimotor circuits as a cortical basis for language. Nat Rev Neurosci 11:351– 360. doi:10.1038/nrn2811
Pulvermüller, F., Hauk, O., Nikulin, V., & Ilmoniemi, R., (2005). Functional links between motor and language systems. Eur. J. Neuroscience, 21, 793-797. DOI: 10.1111/j.1460-9568.2005.03900.x 
Pulvermüller, F., Hummel, F., & Härle, M. (2001). Walking or Talking?: Behavioral and neurophysiological correlates of action verb processing. Brain and Language, 78(2), 143-168
Ramsay, D. S. (1985). Fluctuations in unimanual hand preference in infants following the onset of duplicated syllable babbling. Dev. Psychol. 21, 318–324. doi: 10.1037/0012-1649.21.2.318
Ramsay, D. S., Campos, J. J., & Fenson, L. (1979).Onset of bimanual handedness. Infant Behav. Dev. 2, 69–76. doi: 10.1016/S0163-6383(79)80009-0
Rasmussen, T., & Milner, B. (1975). Clinical and surgical studies of the cerebral speech areas in man. Cerebral localization (pp. 238-257) Springer.
Rilling, J.K., Glasser, M.F., Jbabdi, S., Andersson, J., Preuss, T.M., (2012). Continuity, divergence, and the evolution of brain language pathways. Front. Evol. Neurosci. 3, 1–6. doi: 10.3389/fnevo.2011.00011
Risch, N., & Pringle, G. (1985). Segregation analysis of human hand preference. Behavior Genetics, 15(4), 385-400.
Rizzolatti, G., & Craighero, L., (2004). The mirror neuron system. Annu. Rev. Neurosci., 27, 169-92
Rodriguez A, Kaakinen M, Moilanen I, Taanila A, McGough JJ, Loo S et al (2010) Mixed-handedness is linked to mental health problems in children and adolescents. Pediatrics 125(2):340–348
Rogalsky, C., Raphel, K., Tomkovicz, V., O’Grady, L., Damasio, H., Bellugi, U., et al. (2013). Neural basis of action understanding: evidence from sign language aphasia. Aphasiology 27, 1147–1158. doi: 10.1080/02687038.2013.812779
Rose, M., Raymer, A., Lanyon, L., & Attard, M., (2013). A systematic review of gesture treatments for post-stroke aphasia. Aphasiology, 27, 1090-1127. DOI:10.1080/02687038.2013.805726
Roy, E., Bryden, P. & Cavill, S. (2003). Hand differences in pegboard performance through development. Brain and Cognition, 53, 315-317 
Sahin, N., Pinker, S., Cash, S., Schomer, D., & Halgren, E. (2009). Sequential processing of lexical, grammatical, and phonological information within Broca's area. Science, 326, 445-9. doi: 10.1126/science.1174481
Scharoun, S. & Bryden, P. (2014). Hand preference, performance abilities, and hand selection in children. Frontiers in Psychology, 5, 82, doi: 10.3389/fpsyg.2014.00082
Shaywitz, E., Shaywitz, S., Pugh, K., Constable, R., Skudlarski, P., Fulbright, R. et al (1995). Sex differences in the functional organization of the brain for language. Nature, 373(6515), 607-9.
Sheehan, E. & Mills, D. (2008). The effect of early word learning on brain development. In Friederici, A. & Thierry, G., (eds.), Early Language Development Bridging brain and behaviour, pp 161 - 190. Philadelphia; John Benjamins Publishing
Serrien, D. (2009). Verbal–manual interactions during dual task performance: An EEG study. Neuropsychologia, 47, 139-144. doi:10.1016/j.neuropsychologia.2008.08.004
Serrien, D., Ivry, R. & Swinnen, S. (2006). Dynamics of hemispheric specialization and integration in the context of motor control. Nature Reviews Neuroscience, 7, 160-166
Somers, M., Aukes, M., Ophoff, R., Boks, M., Fleer, W., de Visser, K. …& Sommer, I. (2015). On the relationship between degree of hand-preference and degree of language lateralization. Brain & Language, 144, 10–15. http://dx.doi.org/10.1016/j.bandl.2015.03.006
Somers, M., Neggers, S., Diederen, K., Boks, M., Kahn, R., & Sommer, I. (2011). The measurement of language lateralisation with functional transcranial doppler and functional MRI: A critical evaluation. Frontiers in Human Neuroscience, 5(31), 1-8. doi: 10.3389/fnhum.2011.00031
Sommer, I. E. C. (2010). Sex differences in handedness, brain asymmetry and language lateralization. In Hugdahl, K. & Westerhausen, R. (Eds.), The Two Halves of the Brain; Information Processing in the Cerebral Hemispheres, pp 287-312. Cambridge MA: MIT Press
Springer, J. A., Binder, J. R., Hammeke, T. A., Swanson, S. J., Frost, J. A., Bellgowan, P. S. F., et al. (1999). Language dominance in neurologically normal and epilepsy subjects: A functional MRI study. Brain, 122(11), 2033-2046. 
Steenhuis, R. E., & Bryden, M. P. (1989). Different dimensions of hand preference that relate to skilled and unskilled activities. Cortex, 25(2), 289-304. 
Steenhuis, R. E., & Bryden, M. P. (1999). The relation between hand preference and hand performance: What you get depends on what you measure. Laterality: Asymmetries of Body, Brain and Cognition, 4(1), 3-26. 
Stellman, S. D., Wynder, E. L., DeRose, D. J., & Muscat, J. E. (1997). The epidemiology of left-handedness in a hospital population. Annals of Epidemiology, 7(3), 167-171. 
Stephan, K. E., Marshall, J. C., Friston, K. J., Rowe, J. B., Ritzl, A., Zilles, K., et al. (2003). Lateralized cognitive processes and lateralized task control in the human brain. Science, 301(5631), 384-386. DOI: 10.1126/science.1086025
Stroobant, N., Buijs, D., & Vingerhoets, G. (2009). Variation in brain lateralization during various language tasks: A functional transcranial doppler study. Behavioural Brain Research, 199(2), 190-196. doi: 10.1016/j.bbr.2008.11.040 
Szaflarski, J. P., Binder, J. R., Possing, E. T., McKiernan, K. A., Ward, B. D., & Hammeke, T. A. (2002). Language lateralization in left-handed and ambidextrous people. Neurology, 59(2), 238-244. 
Szaflarski, J. P., Rajagopal, A., Altaye, M., Byars, A. W., Jacola, L., Schmithorst, V. et al. (2012). Left-handedness and language lateralization in children. Brain Research, 1433(0), 85-97. doi: 10.1016/j.brainres.2011.11.026 
Tan, U. (1991). Serum testosterone levels in male and female subjects with standard and anomalous dominance. Int J Neurosci., 58, 211-4.
Tan U., & Tan M. (1999). Incidence of asymmetries for the palmar grasp reflex in neonates and hand preference in adults. Neuroreport, 10, 3253–3256 10.1097/00001756-199911080-00001
Tapley, S. M., & Bryden, M. P. (1985). A group test for the assessment of performance between the hands. Neuropsychologia 23, 215–222. doi: 10.1016/0028-3932(85)90105-8
Tettamanti, M., & Weniger, D. (2006). Broca's area: a supramodal hierarchical processor?. Cortex, 42(4), 491-494.
Tiffin, J., & Asher, E., (1948). The Purdue pegboard; norms and studies of reliability and validity. Journal of Applied Psychology, 32(3), 234-47.
Tomasello, M. (2008). Origins of Human Communication. Cambridge MA: The MIT Press
Tremblay, P., Deschamps, I. & Gracco, V. (2016). Neurobiology of speech production: a motor control perspective. In Hickok, G. & Small, S (Eds.), Neurobiology of Language, pp 741-750. London: Elsevier
Tremblay, P., & Gracco, V., (2009). Contribution of the pre-SMA to the production of words and non-speech oral motor gestures, as revealed by rTMS. Brain Research, 1268, 112-124
Tzourio, N., Crivello, F., Mellet, E., Nkanga-Ngila, B., and Mazoyer, B. (1998). Functional anatomy of dominance for speech comprehension in left handers vs right handers. Neuroimage 8, 1–16
Van den berg, F., Swinnen, S. & Wenderoth, N. (2011). Involvement of the Primary Motor Cortex in Controlling Movements Executed with the Ipsilateral Hand Differs between Left- and Right-handers. Journal of Cognitive Neuroscience 23:11, 3456–3469
Vargha-Khadem, F., Gadian, D., Copp, A., & Mishkin, M., (2005). FOXP2 and the neuroanatomy of speech and language. Nature Rev. Neuroscience, 6, 131-138
Verstynen, T., Diedrichsen, J., Albert, N., Aparicio, P., & Ivry, R., (2005). Ipsilateral Motor Cortex Activity During Unimanual Hand Movements Relates to Task Complexity. J Neurophysiol 93, 1209–1222. doi:10.1152/jn.00720.2004.
Vingerhoets, G., Alderweireldt, A., Vandemaele, P., Cai, Q., Van der Haegen, L., Brysbaert, M., & Achten, E. (2013). Praxis and language are linked: Evidence from co-lateralisation in individuals with atypical language dominance. Cortex, (49), 172-183. doi:10.1016/j.cortex.2011.11.003
Wada, J. A., Clarke, R., & Hamm, A. (1975). Cerebral hemispheric asymmetry in humans: Cortical speech zones in 100 adult and 100 infant brains. Archives of Neurology, 32(4), 239-246
Warren, D. M., Stern, M., Duggirala, R., Dyer, T. D., & Almasy, L. (2006). Heritability and linkage analysis of hand, foot, and eye preference in Mexican Americans. Laterality: Asymmetries of Body, Brain and Cognition, 11(6), 508 - 524.
Watkins, K., Dronkers, N. & Vargha-Khadem, F., (2002). Behavioural analysis of an inherited speech and language disorder: comparison with acquired aphasia. Brain, 125, 452 – 464.
Whitehouse, A. & Bishop, D. (2008). Cerebral dominance for language function in adults with specific language impairment or autism. Brain, 131, 3193-3200. doi:10.1093/brain/awn266
Williams, S. M. (1991). Handedness inventories: Edinburgh versus Annett. Neuropsychology, 5(1), 43. 
Wise, R. & Geranmayeh, F., (2016). Sentence and narrative speech production: Investigations with PET and fMRI. In Hickok, G. & Small, S (Eds.), Neurobiology of Language, pp 751-762. London: Elsevier
Wood, A., Harvey, A., Wellard, R., Abbott, D., Anderson, V., Kean, M. … & Jackson, G., (2004). Language cortex activation in normal children. Neurology, 63(6), 1035-1044. doi: http:/​/​dx.​doi.​org/​10.​1212/​01.​WNL.​0000140707.​61952.​CA
Wyke M. (1971). The effects of brain lesions on the performance of bilateral arm movements. Neuropsychologia, 9, 33–42
Zatorre, R., (1989). Perceptual asymmetry on the dichotic fused words test and cerebral speech lateralization determined by the carotid sodium amytal test. Neuropsychologia, 27, 1207–1219. doi:10.1016/0028-3932(89)90033-X
Ziemann, U., Ishii, K., Borgheresi, A., Yaseen, Z., Battaglia, F., Hallett, M., Cincotta, M. & Wassermann, E. M., (1999). Dissociation of the pathways mediating ipsilateral and contralateral motor-evoked potentials in human hand and arm muscles. Journal of Physiology, 518, 895–906. DOI: 10.1111/j.1469-7793.1999.0895p.x
Zwicker, J., Missiuna, C., Harris, S. & Boyd, L. (2011). Brain activation associated with motor skill practice in children with developmental coordination disorder; an fMRI study. Int. J. Devl. Neuroscience, 29, 145-152.



